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Abstract
Based on an inexhaustible and ubiquitous source of oxygen, the lithium-oxygen batteries are currently the
subject of much scientific investigation because of their potential for extremely high energy density. The
electrocatalytic materials for them have been extensively researched during the past decade. Even though they
are a key component in the lithium-oxygen batteries, however, the study of electrolytes is still in its primary
stage. Electrolytes have an important influence on the electrochemical performance of lithium-oxygen
batteries, especially on their cycling stability and rate capacity. Therefore, it is important to select an ideal
electrolyte with excellent stability against attack by reaction intermediates, along with excellent oxygen
solubility and diffusivity. In this review, the physicochemical and electrochemical properties of organic
electrolytes for lithium-oxygen batteries are discussed and compared. Furthermore, possible research
directions are proposed for the development of an ideal electrolyte for enhanced electrochemical
performance.
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battery systems could be divided into the 
following four major architectures with 
different electrolytes employed: non-
aqueous, aqueous, solid state, and hybrid 
systems, as shown in Figure 1. Unlike the 
intercalation mechanism of lithium–ion 
batteries or sodium–ion batteries, the Li–
O2 battery systems employ a dissolution/
deposition reaction with an air electrode 
that uses oxygen as the cathode electrode 
during the electrochemical processes. 
Research on the Li–O2 battery is com-
plicated by the need for exposure the air 
cathode to O2 atmosphere.
Many advances have been achieved, 
which include advances on cathode 
materials, electrolytes, anode mate-
rials, and redox mediators.[9–24] Several 
excellent reviews have been published 
to summarize recent developments and 
our current understanding of Li–O2 batteries, especially with 
respect to the cathode electrocatalytic materials.[25–35] These 
reviews have comprehensively discussed the relationship 
between the structure of electrocatalytic materials and the elec-
trochemical performance of Li–O2 batteries. There are, how-
ever, few reviews focused on the effects of different electrolytes 
on the electrochemical performance of the Li–O2 batteries.[36–38] 
For the aqueous Li–O2 batteries, LiOH is generated or oxidized 
at the cathode during discharge and charge processes because 
H2O and O2 are involved in the reactions. In the case of the 
nonaqueous Li–O2 batteries, there are two essential processes 
that determine their electrochemical performance: the oxygen 
reduction reaction (ORR) and the oxygen evolution reaction 
(OER). During the ORR process, the Li2O2 is precipitated as 
the final discharge product on the air cathode, while during the 
OER process, Li2O2 is then decomposed and the O2 is regen-
erated. Therefore, there are huge differences between aqueous 
and nonaqueous Li–O2 batteries. Since the nonaqueous Li–O2 
batteries have dominated the research efforts on the Li–O2 bat-
tery systems during the past decade, we mainly concentrate on 
the organic electrolytes for nonaqueous Li–O2 batteries.[17,39–50] 
The performance of the Li–O2 batteries is highly dependent 
on the electrolyte due to the importance of stability against 
nucleophilic attack by highly sensitive intermediate radicals in 
an oxygen-rich electrochemical environment, along with the 
oxygen solubility and diffusivity. Otherwise, some side reactions 
associated with the decomposition of electrolyte or air cathode 
would arise, leading to poor cycling performance and limited 
rate capability.[51–57] Hence, it is a crucial challenge to choose 
a stable and appropriate electrolyte for the nonaqueous Li–O2 
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1. Introduction
The development of energy storage and conversion technologies 
with high power density, outstanding energy efficiency, sustain-
ability, and long lifetimes has become significantly more inten-
sive with increased demands arising from portable electronics 
and the electrification of transportation.[1–5] Nowadays, lithium–
oxygen (Li–O2) battery systems have been considered as one of 
the most promising electrochemical energy storage devices for 
next-generation electric vehicles in the near future.[1,4–8] The 
unique battery chemistry and electrode architecture can deliver 
a remarkably high theoretical specific energy, ≈3.6 kWh kg−1, 
which is probably capable of supplying sufficient energy 
storage for electric vehicles to move more than 500 miles per 
charge.[1] The Li–O2 battery is normally composed of a lithium 
metal anode, an electrolyte, and a porous air cathode embedded 
with catalysts that is open to O2 in the atmosphere. The Li–O2 
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batteries, which could consequently help the development of 
nonaqueous Li–O2 batteries. In this short review, we mainly 
focus on the physicochemical and electrochemical properties of 
nonaqueous electrolytes, and discuss the relationship between 
electrolyte solvents and the electrochemical performance of the 
Li–O2 batteries.
2. Electrolyte Requirements
Compared with conventional lithium ion batteries, the elec-
trolytes for the Li–O2 batteries critically influence the forma-
tion mechanism of solid discharge products, thus affecting 
the maximum discharge capacity.[58–62] There are two different 
Li2O2 formation mechanisms during the discharging process: 
the solution-based mechanism, with the major discharge prod-
ucts toroidal Li2O2 particles and high discharge capacity; and 
the surface-based mechanism, with the main discharge prod-
ucts Li2O2 films and significantly lower discharge capacity. 
High donor number (DN) solvents lead to strong solvation of 
Li+ or Li+-containing species and facilitate the solution-based 
mechanism to generate soluble LiO2, which would dispropor-
tionate to toroidal Li2O2 particles in solution and result in sig-
nificant improvements in capacity. Low DN solvents, however, 
could mainly yield surface-absorbed LiO2 because the solvation 
is weaker than that of high DN solvents. That surface-absorbed 
LiO2 then disproportionate to Li2O2 films on the electrode sur-
face through a surface-based mechanism, leading to electro-
chemistry cease and premature cell death when the thickness 
of insulating Li2O2 film reaches about 5–6 nm.[58] The forma-
tion of toroidal Li2O2 particles could also be significantly pro-
moted with trace amounts of high DN and/or acceptor number 
(AN) electrolyte additives.[59,63] In addition, the cycling stability 
of the Li–O2 batteries would be affected if the electrolyte is 
unstable and decomposes during cycling. The ideal electrolyte 
should have excellent physicochemical and electrochemical sta-
bility, which could guarantee the long cycling life and excellent 
electrochemical performance of nonaqueous Li–O2 batteries. 
Therefore, a suitable electrolyte should meet the following 
requirements:
(1) High physicochemical stability, including low volatility or low 
vapor pressure, low moisture absorption, and nonflammabil-
ity. As mentioned above, the Li–O2 battery systems should 
be open to the ambient atmosphere; therefore, nonaqueous 
solvents with low moisture absorption and low volatility are 
necessary and play a critical role in increasing cycling per-
formance. Figure 2a presents the solvent evaporation rate 
and moisture absorption rate for various electrolytes. For ex-
ample, the 1,2-dimethoxy ethane (DME) solvent evaporates 
quickly, and the pure solvent loses 87% of its initial weight, 
just by two days’ storage inside a dry box at about 29 °C.[64] 
The cell will prematurely die because the electrolyte has dried 
out. Alternative solid-state electrolytes, ionic liquid-based 
electrolytes, and solid polymer electrolytes probably are ben-
eficial for the cycling performance because batteries with 
these electrolytes could preserve their electrolyte for longer 
than batteries with conventional liquid organic electrolytes. 
Meanwhile, because of the exposure to the environment, it is 
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favorable if the electrolyte has low water solubility or is hydro-
phobic, as the research results show in Figure 2b.[64] These 
characteristics can lower the possibility of any additional 
reactions between moisture from the environment and the 
lithium metal, especially in Li–O2 batteries.
(2) Solid electrolyte interphase (SEI) formation. Lithium metal 
is an alkali metal and hence chemically reactive, rather elec-
tropositive, and quite susceptible to oxidation, especially in 
open atmosphere.[4,61,65] A Li+ conducting SEI film, generated 
on the surface of the lithium metal via decomposition of the 
Adv. Sustainable Syst. 2018, 2, 1700183
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electrolyte, can impede the corrosion of lithium metal, but 
lithium deposition is usually associated with dendrite forma-
tion. The SEI formation differs notably from that on graph-
ite.[66] Hence, it is also a big challenge to form a highly stable 
SEI layer by the use of different Li salts, solvents, additives, 
and alternative Li metal anodes.
(3) High oxygen solubility and diffusivity during the reaction pro-
cess. Oxygen dissolution and diffusion in the interior of the 
cathode electrode, which is immersed in electrolyte, are the de-
termining factors in oxygen availability, as shown in Figure 3. 
Therefore, besides high Li ion conductivity, excellent oxygen 
dissolution and diffusion properties are necessary.[67,68]
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 1. Schematic illustration of the four different architectures of Li–O2 batteries.
Figure 2. a) Solvent evaporation rates over time for ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), 1,2-dimethoxy ethane 
(DME), diethylene glycol dimethyl ether (diglyme, DG), diethylene glycol diethyl ether (ethyl diglyme, EDG), diethylene glycol dibutyl ether (butyl 
diglyme, BDG), dipropylene glycol dimethyl ether (diproglyme, DPG), 1,2-diethoxyethane (DEE), and 1-tert-butoxy-2-ethoxyethane (BEE); b) variation 
in water content in pure solvents and electrolytes with 10% lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) with exposure time of up to 30 d in 
humid air with 96–98% relative humidity (RH) inside desiccators at ≈23 °C. Reprinted with permission.[64] Copyright 2009, The Electrochemical Society.
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(4) High electrochemical stability and resistance to oxygen 
reduction intermediate species, such as superoxide radicals 
(O2−).[69–71] The superoxide (O2−) intermediate is highly dam-
aging to some electrolytes, and therefore, a suitable electro-
lyte should be quite stable against nucleophilic attack by the 
superoxide intermediate.
Although nonaqueous electrolytes have been studied for 
decades and successfully utilized in the current commer-
cialized Li–ion batteries, they could not be applied in Li–O2 
battery systems directly because of the above special require-
ments.[60,61,72–80] There have been many publications regarding 
Li–O2 battery systems and considerable achievements, but per-
fect nonaqueous electrolytes have not yet been found.[69,81,82] 
Based on the above research, an ideal nonaqueous electrolyte 
for Li–O2 battery systems should satisfy the following demands: 
(i) high physical stability, including low volatility or low vapor 
pressure, low moisture absorption, and nonflammability; (ii) 
stable solid electrolyte interphase formation on the surface of 
the lithium metal anode; (iii) outstanding oxygen solubility and 
diffusivity; and (iv) excellent chemical and electrochemical sta-
bility, especially in the presence of superoxide radicals (O2−).
3. Nonaqueous Electrolyte
3.1. Carbonate-Based Electrolytes
Organic carbonate-based electrolytes, such as cyclic (propylene 
carbonate (PC) (DN = 15.1) and ethylene carbonate (EC) (DN = 
16.4)) and linear (dimethyl carbonate (DEC) (DN = 17.2)) car-
bonates, have been demonstrated to be dramatically unstable 
and not suitable as electrolyte in the oxygen-rich environment 
in the Li–O2 battery systems due to the presence of highly reac-
tive superoxide radicals, with the major discharge products of 
Li2CO3 and RO(CO)OLi rather than Li2O2, even though 
they have been widely applied in Li–ion battery systems due 
to their low volatility, wide electrochemical stability window, 
and wide liquid-temperature range.[83–91] Zhang et al., for 
example, determined that PC with ring opening in the presence 
of solvated species such as O2−, LiO2, LiO2−, and Li2O2 faces 
no energy barriers (Figure 4), accelerating the formation of 
Li2CO3 and lithium alkyl carbonate based on density functional 
calculations.[92] Bruce and co-workers also identified Li2CO3, 
C3H6(OCO2Li)2, CH3CO2Li, HCO2Li, CO2, and H2O as dis-
charge products of an Li–O2 battery with PC as electrolyte by 
utilizing Fourier transform infrared spectroscopy (FTIR) and 1H 
nuclear magnetic resonance (1H NMR), as shown in Figure 5.[90] 
As shown in Figure 5d, the nucleophilic attack by O2− occurs at 
the CH2 group through an SN2 mechanism acting to the meth-
ylene group, leading to the ring opening and decomposition of 
PC electrolyte.
3.2. Ether-Based Electrolytes
Because of the low stability and severe decomposition of car-
bonate-based electrolytes during the operation of Li–O2 batteries, 
ether-based solvents have come into consideration as organic 
electrolytes for Li–O2 batteries.[93–97] Ether-based solvents, such as 
linear (1,2-dimethoxyethane (DME) (DN = 20.0) and tetraethylene 
glycol dimethyl ether (TEGDME) (DN = 16.6)) and cyclic ethers 
(1, 3-dioxolane (DOL) (DN = 18.0) and 2-methyltetrahydrofuran 
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 3. Energy density, power density, and specific capacity as functions of a) the solubility factor S of O2 and b) the oxygen mobility; S is determined 
by the gas concentration ratio at the gas/electrolyte border, i.e., = ⋅OE Og2 2C S C , where O
E




C  is the concentration of O2 in the gas phase at the border. Reprinted with permission.[67] Copyright 2010, The Electrochemical Society.
Figure 4. Calculated decomposition pathway for propylene carbonate 
molecule by LiO2− from density functional theory. The first step A → B is 
barrierless. The enthalpy of activation is 23.6 kcal mol−1 for C → D, but 
it is much below that for the starting reactants. Note that the addition of 
Li+ in either position (A) or (B) results in the formation of structure C.[92] 
Copyright 2011, American Chemical Society.
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(2-Me-THF) (DN = 18)), have relatively higher stability than car-
bonates with respect to superoxide radicals and oxidation poten-
tials up to 4.5 V versus Li/Li+.[91,98–100]
Read was the first to test a nonaqueous Li–O2 battery system 
with the ether-based electrolytes DOL and DME.[101] The ether-
based electrolytes exhibited good stability and excellent rate 
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 5. a) Discharge and charge capacity versus cycle number for a composite electrode (Super P/R-MnO2/Kynar) cycled between 2 and 4.2 V in 1 m 
LiPF6 in PC under O2. b) FTIR spectra of composite electrodes containing the pristine material and electrodes after the indicated number of cycles 
between 2 and 4.2 V at the end of charge. Spectra of Li acetate, formate, and carbonate are shown for comparison. c) 1H solution NMR spectrum 
of D2O extracted from the composite electrode after 30 cycles at the end of charge. Integration of the areas under the peaks yields a mole ratio of Li 
propyl dicarbonate: Li acetate: Li formate of 1:3:1.1 (corresponding to a mass ratio of 1:1.09:0.32). d) Proposed reaction mechanism occurring during 
discharge.[90] Copyright 2011, American Chemical Society.
www.advancedsciencenews.com
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capability. Bryantsev et al. carried out density functional theory 
calculations to demonstrate that ether-based electrolytes are 
more suitable than carbonate-based ones through calculating 
the stability of a range of organic solvents against attack by 
the O2− radical.[102] The stability of DME solvent was further 
investigated by McCloskey et al. using four different catalyst 
electrodes, and they confirmed that Li2O2 is the dominant 
product during the reaction and that O2 evolution is the domi-
nant charging process, as shown in Figure 6.[70] According to 
the results of in situ quantitative gas-phase mass spectrometry 
(DEMS) measurements, the amount of O2 evolved during the 
charge process accounts for only 60% of the O2 consumed 
during discharge. Bruce and co-workers demonstrated that 
Li2O2 could only be obtained during the first discharge, and 
there is little or no Li2O2 after the fifth discharge process when 
the linear ether TEGDME is employed (Figure 7a).[69] Although 
ether-based electrolytes are more stable compared to carbonate-
based electrolytes, they also experience electrolyte decomposi-
tion during cycling, which is associated with the generation of 
H2O, CO2, lithium formate, Li2CO3, HCO2Li, CH3CO2Li, and 
polyethers/esters (Figure 7b). As shown in Figure 7c, the O2− 
radical could react with the ether and then easily form ether 
peroxide intermediate, which would lead to electrolyte decom-
position reactions and the formation of byproducts. In addition, 
the cyclic ethers also suffer from decomposition in a similar 
way to linear ones, even though different byproducts could be 
obtained (H2O, CO2, Li2CO3, HCO2Li, C2H4(OCO2Li)2, and 
polyethers/esters for DOL; H2O, CO2, HCO2Li, and CH3CO2Li 
for 2-Me-THF).
3.3. DMSO Electrolyte
Dimethyl sulfoxide (DMSO)-based electrolyte has also been 
paid considerable attention on account of its high conductivity 
and low viscosity.[103,104] DMSO (DN = 29.8) not only could 
form strongly conducting solutions because of its excellent salt 
solubility as a polar versatile solvent, but also possesses high 
electrochemical reversibility for the O2/O2− couple.[98] DMSO is 
also unstable when a carbon electrode is used, as reported by 
Aurbach and co-workers, and the formation of some minor side 
products related to the DMSO decomposition was observed, 
such as Li2SO3, Li2SO4, and dimethyl sulfone.[105] Bruce and 
co-workers discovered that when TiC instead of carbon was 
employed as the cathode material, the side reactions associ-
ated with electrolyte decomposition could be significantly 
reduced.[106] Although DMSO also suffers from very little elec-
trolyte decomposition with the side product HCO2Li, it exhib-
ited greatly enhanced cycling stability over 100 cycles when 
compared with TEGDME, as shown in Figure 8. The results 
indicate >99.5% purity of Li2O2 formation after each discharge 
process and its complete decomposition during the recharge 
process, with >98% capacity preservation up to 100 cycles.
Nevertheless, DMSO is also unstable with respect to bare 
Li metal anodes. Therefore, Zhang and co-workers demon-
strated that DMSO electrolyte could significantly enhance the 
stability of lithium metal and the cycling performance of the 
Li–O2 batteries through adjusting the concentration of lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) in DMSO electrolyte 
(Figure 9).[18] The highly concentrated DMSO electrolyte con-
tains only complexes of (TFSI−)n-Li+-(DMSO)4−n instead of free 
DMSO, thus increasing its stability with lithium metal anodes. 
Moreover, these complexes have higher Gibbs activation energy 
barriers than the free DMSO, indicating enhanced stability 
of the electrolyte against attack by superoxide radical anions. 
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 6. Gas evolution from cells employing DME. a) Discharge–charge 
voltage curves, and corresponding b) O2 and c) CO2 evolution during 
charging of cells using various cathode catalysts.[70] Copyright 2011, 
American Chemical Society.
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Moreover, Shao-Horn and co-workers reported that DMSO 
could react with the O2− radical intermediate and Li2O2, leading 
to the transformation of toroidal Li2O2 into the flake-like LiOH, 
as shown in Figure 10.[107] In addition, the decomposition of 
DMSO and the transformation of Li2O2 into LiOH could be 
accelerated by adding KO2.
3.4. Ionic Liquids
Ionic liquids not only have a wide electrochemical window, but 
also have a negligible vapor pressure as well as superior hydro-
phobicity and low flammability.[108–115] Ionic liquids have very 
low salt solubility and poor conductivity, however, which may 
hinder the formation of an SEI on lithium metal and limit 
the rate capacity.[116] Thermophysical property comparisons of 
some common ionic liquids with DME and DMSO electrolytes 
are listed in Table 1.[98,116] It is obvious that ionic liquids have 
much higher viscosity and relatively lower O2 diffusivity coef-
ficients compared with DME and DMSO.
Many efforts have been devoted to researching the use of 
ionic liquid-based electrolytes in Li–O2 batteries.[117–122] For 
instance, a novel Li–O2 battery exploiting 1-butyl-1-methyl pyr-
rolidium bis(trifluoromethanesulfonyl)imide (PYR14TFSI)–
LiTFSI as an ionic liquid-based electrolyte was employed by 
Hassoun and co-workers[117] They demonstrated that their 
Li–O2 battery with the ionic liquid electrolyte had a very stable 
electrolyte–electrode interface and extremely reversible charge–
discharge cycling performance. Moreover, the charge process 
has a very low overpotential, improving the energy efficiency 
to about 82% and thus overcoming one of the most vital prob-
lems preventing the practical application of Li–O2 battery sys-
tems. Nevertheless, the low salt solubility and poor conductivity 
of ionic liquids are still obstructing their practical application. 
In addition, some ionic liquids also have been demonstrated 
to be unstable as electrolytes for Li–O2 batteries. For example, 
Hayyan et al. demonstrated that 1-butyl-3-methylimidazolium 
trifluoromethanesulfonate (BMIm) TfO is unstable against 
attack by the peroxide radical.[110] Furthermore, Vegge and co-
workers investigated the stability and reversibility of several 
ionic liquids (N-methyl-N-propylpyrrolidinium TFSI (P13TFSI), 
N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide FSI 
(P13FSI), N-methyl-N-propylpiperidinium TFSI (PP13TFSI), 
N,N-diethyl-N-methyl-N-propyl-ammonium FSI (N1223FSI), 
1-butyl-2,3-dimethyl-imidazolium TFSI (BdImTFSI), and 
N-methyl-N-butyl-pyrrolidinium TFSI (P14TFSI)) by using 
DEMS.[116] They demonstrated that even though P14TFSI has 
the best stability and performance (even better than DME), it 
is still not suitable as electrolyte for the Li–O2 batteries. The 
cation and anion of the ionic liquids could also significantly 
affect the stability and reversibility of Li–O2 batteries.
Recently, some high temperature molten inorganic salt 
electrolytes have also been studied as promising candidates 
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 7. a) XRD patterns of the composite cathode (Super P/Kynar) 
cycled in 1 m LiPF6 in tetraglyme under 1 atm O2 between 2 and 4.6 V 
versus Li/Li+; b) FTIR spectra of the composite cathode (Super P/Kynar) 
at various stages cycled in 1 m LiPF6 in tetraglyme under 1 atm O2 between 
2 and 4.6 V versus Li/Li+; c) proposed mechanism for reactions occurring 
with ether based electrolytes during Li–air cell discharge.[69] Copyright 
2011, WILEY-VCH, Verlag GmbH & Co. KgaA.
www.advancedsciencenews.com
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Figure 8. a) Galvanostatic discharge/charge cycles recorded in 0.5 m LiClO4 in DMSO at a current density of 1 mA cm−2, b) capacity retention for the 
same cell as in (a), c) galvanostatic discharge/charge cycles recorded in 0.5 m LiPF6 in tetraethylene glycol dimethyl ether (TEGDME) at a current density 
of 0.5 mA cm−2, d) capacity retention for the same cell as in (c).[106] Copyright 2013, Nature Publishing Group.
Figure 9. Electrochemical performances of Li–O2 batteries with three different LiTFSI–DMSO electrolytes in the voltage range of 2.0–4.5 V at 0.1 mA cm−2. 
Voltage profiles for a) LiTFSI–3DMSO electrolyte, b) LiTFSI–4DMSO electrolyte, and c) LiTFSI–12DMSO electrolyte. d) The corresponding cycling 
stability of the three different electrolytes.[18] Copyright 2017, WILEY-VCH, Verlag GmbH & Co. KgaA.
www.advancedsciencenews.com
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to replace volatile, unstable, and air-intolerant organic elec-
trolytes.[123–126] For example, an intermediate temperature 
molten nitrate-based LiNO3/KNO3 eutectic electrolyte has been 
exploited with extremely low discharge/charge overpotential of 
50 mV (Figure 11).[123] The cell also demonstrated enhanced 
reversibility and rate capability due to the improved solubility of 
the discharge products in the electrolyte. Nevertheless, because 
it needs to be operated above the liquidus temperature (150 °C), 
the porous carbon cathode tends to react with oxygen reduction 
products to form Li2CO3, which is a barrier to their practical 
application (Figure 11b).
In addition, the performance of ionic liquids could be syn-
ergistically improved by blending with aprotic solvents, such 
as PYR14TFSI/TEGDME electrolyte,[120] 1-butyl-1-methyl-pyr-
rolidinium bis(trifluoromethylsulfonyl)imide ([BMP][NTf2])/




trolyte,[129] and PYR14TFSI/DME electrolyte.[130] For example, 
PYR14TFSI/TEGDME electrolyte demonstrated enhanced 
kinetics and reversibility for the oxygen reactions due to the 
significantly improved conductivity of the TEGDME electro-
lyte by blending with PYR14TFSI ionic liquid, resulting in a 
lower overpotential during the charge process compared with 
the solely TEGDME electrolyte.[120] The mixture of [BMP]
[NTf2]/DMSO electrolyte also could improve the reversibility 
of OER and ORR for the Li–O2 batteries because [BMP][NTf2] 
could increase the solubility of oxygen and DMSO could pro-
mote the solubility of Li2Ox.[127] Wang and co-workers reported 
that the mixture of PYR14TFSI and DME could enable the 
single-electron mechanism, which reduces the recharge over-
potential to as low as 0.19 V. Specifically, the presence of 
PYR14TFSI in the solution could stabilize the superoxide spe-
cies, leading to single-electron mechanism featuring low 
recharge overpotential.[130]
3.5. Acetonitrile Electrolyte
Acetonitrile based electrolyte (CH3CN (MeCN) (DN = 14.1)) also 
has been studied as electrolyte for Li–O2 batteries due to its excel-
lent stability toward the O2− radical intermediate.[63,98,131,132] By 
using surface enhanced Raman spectroscopy (SERS), Bruce and 
co-workers reported that the O2− radical intermediate was gener-
ated in CH3CN-based electrolyte and then formed LiO2 on the 
surface of electrode which disproportionated to Li2O2 during the 
discharging process; also, during charging, Li2O2 decomposed to 
lithium and O2 directly without the formation of the O2− radical 
intermediate (Figure 12a).[131] They also proved that the electro-
lyte is stable toward the O2− radical intermediate by using cyclic 
voltammetry (CV) results, as shown in Figure 12b. Furthermore, 
Vegge and co-workers demonstrated that there is no indication of 
degradation of CH3CN electrolyte with Li2O2 by using X-ray photo-
electron spectroscopy (XPS) analysis.[133] Even through the CH3CN 
electrolyte is stable toward the superoxide intermediate and Li2O2, 
its high volatility and high reactivity toward lithium metal prevent 
its further use as a suitable electrolyte for Li–O2 batteries.
3.6. Amide-Based Electrolyte
The amide-based electrolytes, such as linear (dimethylformide 
(DMF) (DN = 26.6), dimethylacetamide (DMA) (DN = 27.8), 
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Figure 10. XRD patterns showing the evolution of LiOH (red dashed lines) from a) Li2O2 in DMSO after 0.5 and 380 h of aging in electrolyte following 
the completion of discharge. b) XRD patterns of solid precipitates collected after centrifugation of suspensions containing commercial Li2O2, KO2, 
and DMSO, and Li2O2 and DMSO, respectively, after 500 h of continuous stirring. The enlarged section shows the major peaks for Li2O2 and LiOH.[107] 
Copyright 2014, American Chemical Society.
Table 1. The comparisons of ionic liquids, DEM, and DMSO with O2 
diffusion coefficient (DO2), O2 solubility (C), and viscosity (η) of ionic 
liquid in room temperature.
Solvent DO2 [cm2 s−1] O2 [× 10−3 mM] η [mPa s]
P13FSI 2.57 × 10−6 8.17 52.70
P13TFSI 9.17 × 10−7 11.71 71.23
P14TFSI (1.8 ± 0.2) × 10−6 14 89
BdImTFSI 1.22 × 10−6 18.81 115.22
N1223FSI 1.22 × 10−6 7.71 -
PYR14TFSI 1.8 × 10−6 13.6 ± 0.8 0.64
DME 1.22 × 10−5 8.76 0.42
DMSO 1.67 × 10−5 2.10 1.948
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and hexamethylphosphoramide (HMPA) (DN = 38.8)) and 
cyclic ethers (N-methyl-2-pyrrolidone (NMP) (DN = 27.3)), have 
been considered as stable electrolytes for Li–O2 batteries due to 
their better stability against the O2− radical intermediate com-
pared with carbonate or ether-based electrolyte.[63,91,100,134–137]
Although amide-based electrolytes are stable against the 
O2− radical intermediate, they may be not suitable for Li–O2 
batteries. As demonstrated by Bruce and co-workers, although 
reversible Li2O2 could be successfully formed during the first 
discharge, DMF electrolyte decomposition with the generation 
of byproducts, such as H2O, CO2, Li2CO3, HCO2Li, CH3CO2Li, 
and NO, was observed on discharge.[134] DMA and NMP also 
proved to be unstable when used as electrolyte for Li–O2 bat-
teries based on 1H NMR and FTIR analysis. In addition, the 
high reactivity of amide-based electrolytes toward the lithium 
anode further inhibits their application as suitable electrolytes 
for Li–O2 batteries. Nevertheless, the decomposition of the elec-
trolyte would be prevented if a stable SEI could be formed on 
the surface of the anode. For example, Walker et al. reported 
the formation of stable SEI in DMA electrolyte with the help 
of lithium nitrate (LiNO3).[135] The Li–O2 battery exhibited out-
standing cycling stability for more than 2000 h (>80 cycles), and 
O2 as the primary gas product evolved during cycling, as shown 
in Figure 13. The nitrate anion is capable of forming a persis-
tent SEI on lithium anode. The function of the nitrate anion 
will be discussed in Section 5. The enhanced stability could be 
attributed to the inertness of amide-based electrolyte toward 
the O2− radical intermediate, combined with the formation of a 
stable SEI on the lithium anode. Recently, Peng and co-workers 
also reported that HMPA based Li–O2 batteries have excellent 
cycling stability, rate capability, and voltaic efficiency with neg-
ligible side reactions.[137] The excellent performance could be 
attributed to the strongly solvating property of HMPA electro-
lyte, which could dissolve the major discharge products of Li2O2 
as well as potential side reaction products of Li2CO3 and LiOH 
and alleviate the passivation/clogging issues of the porous 
cathode during discharge. However, additional protective layers 
for lithium metal (such as LiPON ceramic film) are needed to 
prevent lithium anode dissolution by HMPA electrolyte.
3.7. Other Electrolytes
Several other nonaqueous electrolytes have been studied 
for Li–O2 batteries, such as solid polymer electrolytes,[16,138] 
tri(ethylene glycol)-substituted trimethylsilane (1NM3),[92] 
hydrate-melt (“water-in-salt”) electrolytes,[139] and solid glass-
ceramics electrolytes.[140,141]
For example, as an ion conducting medium, polymer was ini-
tially studied in the early 1970s by P.V Right, but the technological 
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Figure 11. a) Li/O2 battery voltage profile for different cycles. Battery cycled in LiNO3–KNO3 molten salt electrolyte at 150 °C using a Super P carbon 
cathode, current density: ≈0.64 mA cm−2 or ≈160 mA g−1 carbon, carbon loading: ≈4 mg cm−2. Arrows indicate increasing voltage hysteresis with cycle 
number. b) XRD pattern of the carbon electrode used in (a) following 50 cycles.[123] Copyright 2016, American Chemical Society.
Figure 12. a) In situ SERS during O2 reduction and re-oxidation in 0.1 m CH3CN electrolyte saturated with O2. b) Scan rate dependent cyclic 
voltammograms (CVs) in 0.1 m CH3CN electrolyte saturated with O2, at a gold electrode.[88] Copyright 2011, WILEY-VCH, Verlag GmbH & Co. KgaA.
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interest in polymers was considerably aroused when Armand 
utilized them in rechargeable solid state batteries as novel types 
of solid electrolyte.[142] The growth of lithium dendrites pre-
vents the practical application of lithium metal anode, which 
may short-circuit the cells and lead to serious safety issues. 
Polymer-based electrolytes are expected to minimize the hazard 
of metallic lithium due to the absence of convection and diffu-
sion selectivity.[142] Specifically, polymer electrolytes with high 
ionic conductivity and reduced anion mobility could suppress 
dendrite growth by mitigating anion depletion near the elec-
trode–electrolyte interface.[143] The elasticity of the polymer 
electrolytes could also subside the dendrites upon continuous 
cycling. Although many polymer systems have been studied 
for the lithium ion battery system, poly(ethylene) oxide (PEO) 
containing a lithium salt, e.g., lithium trifluoromethanesul-
fonate (LiCF3SO3), has been the most promising type until 
now. The polymer-salt electrolyte demonstrated excellent inter-
facial compatibility during lithium oxidation and deposition 
in a lithium stripping/plating test, so that it allows the use of 
metallic lithium.[144] Nevertheless, the huge internal resistance 
of such polymer-salt electrolytes is still hindering their wide-
spread practical application in Li–O2 batteries. On the other 
hand, gel–polymer electrolytes, which are normally composed 
of liquid electrolytes in a polymer matrix, have proved to have 
high ionic conductivity and excellent mechanical flexibility for 
Li–ion batteries.[145–147] A hybrid electrolyte with a combination 
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 13. a) Voltage profiles at different cycles (discharge limited to 10 h, charge limited to 4.2 V). (Inset) Plot of charge/discharge capacity vs cycle 
number. b) Gas profiles of a DMA cell cycled at 0.1 mA cm−2 at room temperature.[135] Copyright 2013, American Chemical Society.
Figure 14. a) Activation energies of the gel–solid-state polymer electrolyte with different degrees of polymerization; b) first discharge–charge curves 
of the cell using gel polymer electrolyte (GPE) with 5 s of polymerization time at different current densities of 0.1, 0.4, 0.6, and 0.9 mA cm−2, with 
a capacity of 1000 mA h g(composite)−1; c) cycling performance of cells containing liquid and GPE-5s electrolyte; d) schematic diagram of the internal 
structure of the lithium–oxygen cell.[138] Reproduced with permission.[138] Copyright, Royal Society of Chemistry.
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of solid electrolyte and gel–polymer electrolyte may feature both 
high ionic conductivity and good protection for the lithium 
metal anode, protecting it from direct contact and reacting 
with O2 (Figure 14).[138] A flexible Li–O2 battery system with a 
gel–solid-polymer electrolyte could not only prevent electrolyte 
evaporation, but also preserves the lithium metal anode during 
cycling. This system also exhibits excellent rechargeability 
performance.[138]
4. Electrolyte Additives
As mentioned above, the electrolyte additives also could sig-
nificantly affect the reaction mechanisms and influence the dis-
charge capacity and reversibility. As the most common electrolyte 
additive, redox mediators have received much attention because 
they could effectively reduce the charge or discharge polarization 
of Li–O2 batteries. It is well known that many electrolytes and 
electrodes are not stable at high voltage. For example, carbon 
cathode is unstable on charging above 3.5 V in the presence 
of Li2O2, decomposing to form Li2CO3. The electrolyte is also 
decomposed at the high overpotentials needed for the decompo-
sition of insoluble Li2O2. These reactions lead to unstable elec-
trolytes and carbon cathodes.[148–150] Therefore, numerous efforts 
have been devoted to the research on redox mediator additives, 
which has been considered as the most promising strategy to 
achieve both high capacity and excellent reversibility for Li–O2 
batteries through reducing the charge/discharge overpotentials. 
Based on this function, redox mediators could be divided into 
discharge redox mediators and charge redox mediators.
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 15. a) Schematic illustration of the role of the I-redox mediator (RM). b) Discharge/charge profiles of CNT fibril electrodes without a catalyst, 
with the Pt catalyst, and with the LiI catalyst. c) Electrochemical profiles and d) cyclability and terminal voltages of the CNT fibril electrodes with LiI 
catalyst. e) Cyclability of the CNT fibril electrodes in the presence of LiI catalyst.[151] Copyright 2014, WILEY-VCH, Verlag GmbH & Co. KgaA.
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4.1. Charge Redox Mediator
A sustainable charge redox mediator could be directly oxidized 
at the cathode electrode surface and then, in turn, oxidize 
the insoluble Li2O2 particles. In addition, sustainable charge 
redox mediators could accelerate the decomposition of insu-
lating products by moving into the cathode electrode and 
facilitating the transport of electrons between the insulating 
products and the cathode electrode during charging. Many 
charge redox mediators have been reported, such as lithium 
iodide (LiI),[151,152] lithium bromide (LiBr),[148,153] tetrathiaful-
valene (TTF),[82] tris[4-(diethylamino)phenyl]amine (TDPA),[154] 
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO),[155,156] phthalo-
cyanine (FePc),[157] and heme molecules.[158]
Taking the iodide (I‒) ion as an example, it could be oxidized 
to I3− or I2 on the surface of the electrode during charging and 
then react with Li2O2 to form Li+ and O2 gas with the regenera-
tion of I− ions.[151] Therefore, the charging overpotential could 
be considerably decreased, leading to outstanding cycling sta-
bility and energy efficiency (Figure 15). Researchers found, 
however, that LiI would promote side reactions involving LiOH 
with water contaminations. The reaction mechanism of iodide 
mediator is still under hot debate and attracting increasing 
controversy due to lots of controversial reports.[159–163] LiBr has 
been demonstrated could suppress the parasitic reaction even 
with water contaminations. The Br2 generated when fully dis-
charged is still a problem, which is very corrosive and reactive. 
Likewise, through the introduction of TTF into the DMSO, the 
cell had a greatly decreased overpotential and exhibited excel-
lent cycling performance (Figure 16).[82] During the charging 
process, TTF is oxidized to TTF+ at the surface of the positive 
electrode, and during discharging, TTF+, in turn, oxidizes the 
insoluble Li2O2, which results in the reformation of TTF. TTF 
acts as a molecular electron–hole transfer agent on charging, 
which allows efficient oxidation of insoluble Li2O2. With the 
help of this charge redox mediator, the cell is able to recharge at 
high current densities (1 mA cm−2), which is impossible in the 
same cell without the TTF.
4.2. Discharge Redox Mediator
Beside charge redox mediators, discharge redox mediators 
could also significantly affect the capacity and cycling stability 
of Li–O2 batteries.[59,164,165] In low DN solvents, the electro-
chemistry at the cathode surface is discharge redox mediators 
reduction rather than direct generation of Li2O2. Therefore, 
the introduction of discharge redox mediators could promote 
the solution-based mechanism and simultaneously suppress 
the growth of Li2O2 films on the cathode surface, avoiding early 
cell death. The activity of several electrolyte additives has been 
studied, such as 2,5-Di-tert-butyl-1,4-benzoquinone (DBBQ),[166]  
H2O,[59,165] 3-[2-(perfluorohexyl)ethoxy]-1,2-epoxypropane (FC),[167]  
and K+.[164]
Viswanathan and co-workers reported that trace amounts of 
H2O electrolyte additive could prompt a solution-based mecha-
nism, leading to the growth of Li2O2 toroids (Figure 17).[59] 
As mentioned previously, Li–O2 batteries could deliver much 
higher capacity and excellent rate capability through forming 
large Li2O2 toroids (solution-based mechanism) rather than 
thin Li2O2 films (surface-based mechanism) during discharge. 
The trace amounts of H2O can also partially dissolve the LiO2 
intermediate, which could facilitate the solution-based electro-
chemical process and promote the formation of Li2O2 toroids. 
The formation of Li2O2 toroids rather than Li2O2 films prevents 
the premature cell death, leading to much improved discharge 
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Figure 16. a–d) For 1 m LiClO4 in DMSO at a nanoporous gold electrode under 1 atm O2 with 10 × 10−3 m TTF (blue) and without TTF (red), the current 
rate was increased from a) 0.078 mA cm−2 to b) 0.196 mA cm−2, to c) 0.313 mA cm−2, and to d) 1 mA cm−2.[82] Copyright 2013, Nature Publishing Group.
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capacity. Therefore, the discharge capacity is increased in the 
presence of a trace quantity of H2O. Tonti and co-workers 
demonstrated that the rate capability of the Li–O2 batteries is 
remarkably enhanced by adding K+ to the electrolyte.[164] The 
K+ cation does not directly affect the battery chemistry, but 
it improves the solution-based mechanism by assisting the 
superoxide solvation, forming homogeneously deposited Li2O2 
toroids in the porous cathode electrode. In addition, the battery 
exhibited much extended cycling stability when using iodide as 
charge redox mediator (Figure 18).
Recently, Bruce and co-workers demonstrated that, using 
dual mediators, DBBQ (discharge redox mediator) and TEMPO 
(charge redox mediator) could efficiently mitigate the decom-
position of the carbon cathode and decrease the high charge 
overpotential, leading to enhanced electrochemical perfor-
mance and cycling stability.[156] As shown in Figure 19, during 
discharge, DBBQ is reduced to LiDBBQ and then reacts with 
dissolved O2, forming Li2O2 films in the solution; also, during 
discharging, TEMPO could transfer electron–holes to Li2O2 
after being oxidized to TEMPO+ at the cathode surface, evolving 
O2 into the solution. The addition of dual mediators could 
facilitate the formation and decomposition of Li2O2 in solution 
while avoiding intimate contact between Li2O2 and the carbon 
cathode and enhancing the stability of the carbon electrodes. 
Therefore, the cell exhibited capacity of 2 m Ah cmareal−2 at a 
current density of 1 mA cmareal−2, which is 20-fold higher in the 
first cycle than without mediators (Figure 19 b). In addition, 
with the help of a discharge redox mediator, the undissolved 
LiO2 could reduce DBBQ rather than directly forming Li2O2, 
even in the presence of low DN or AN solvents or salts. As a 
result, Li2O2 formation is moved into solution without the need 
for high DN or AN solvents or salts.
5. Lithium Salts
Like solvents, lithium salts also could significantly affect the 
performance of the Li–O2 batteries through influence the sol-
vent viscosity, wettability, and oxygen solubility.[37,64,132,168–173] 
An ideal salt should meet the following minimal requirements: 
(1) It should have higher solubility in aprotic solvent, and the 
solvated ions should have high mobility. (2) The anions should 
have very high stability in the presence of superoxide radicals 
(O2−). (3) Both the cation and anion should be inert toward the 
other parts of the battery, such as the separators, current collec-
tors, and shells. (4) It should promote the formation of stable 
SEI on the lithium metal anode.
The choice of lithium salts is rather limited compared with 
the available aprotic organic electrolytes.[61,174,175] The stabili-
ties of a series of lithium salts, including LiBF4, LiPF6, LiClO4, 
and LiTFSI (in TEGDME electrolyte) were also tested by using 
XPS and 19F-NMR.[158] Through analysis of the discharge prod-
ucts, it was found that all of these lithium salts experience 
the similar decomposition due to the presence of superoxide 
radicals. And LiClO4 was demonstrated to be the least reactive 
salt toward superoxide radicals. Later, Zhang and co-workers 
also tested a series of lithium salts in TEGDME electrolyte, 
although, they reached a conflicting conclusion (Figure 20).[169] 
They demonstrated that the performance of Li–O2 batteries 
would be strongly affected by the lithium salts used in the 
Adv. Sustainable Syst. 2018, 2, 1700183
Figure 17. a) Proposed reaction mechanism for the formation of Li2O2 toroids in the presence of H2O; b) galvanostatic discharge curve comparison 
for electrolyte with and without H2O as additive; c) discharge capacity of the batteries, showing an increasing trend with increasing H2O content in the 
electrolyte.[59] Copyright 2014, Nature Publishing Group.
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electrolyte. LiBF4 and lithium-bis(oxalato)borate (LiBOB) salts 
were unstable, suffering from decomposition with the forma-
tion of LiF and lithium oxalate, respectively. Discharge prod-
ucts of Li2O2 could be obtained when using LiTFSI, lithium 
trifluoromethanesulfonate (LiTf), LiPF6, LiClO4, and LiBr 
salts. Among them, LiBr and LiClO4 exhibited the best stability 
during the discharge process, while LiTf and LiTFSI demon-
strated the best cycling performance. Although LiClO4 has 
severe safety issues for industrial application, it has been widely 
used because of its relatively higher stability. Recently, Peng 
and co-workers reported a novel lithium salt of Li[(CF3SO2)
(n-C4F9SO2)N] (LITNFSI), which could effectively suppress 
the side reactions and dendrite growth of lithium metal anode 
during cycling (Figure 21).[170] The LITNFSI salt could form 
a stable, uniform, and O2-resistive SEI on the lithium metal 
anode, and effectively inhibits lithium dendritic growth and 
side reactions. In addition, the stability of these salts would also 
be dependent on the solvent used and the resulting salt-solvent 
complexes formed.
As a common salt, LiNO3 has also been studied as electrolyte 
salt for the Li–O2 batteries.[135,176–178] The nitrate anion can con-
tribute to the formation of a protective SEI with the reduction 
of the nitrate anion on lithium metal in the form of Li2O and 
LiNO2, which inhibits the rapid and sustained solvent decompo-
sition in the presence of Li anode. Later, research demonstrated 
that the soluble nitrite anions formed by the reduction of nitrate 
anion could subsequently react with dissolved O2 through a 
combined electrochemical and chemical process, resulting in 
the regeneration of nitrate.[176] Aurbach and co-workers dem-
onstrated that LiNO3 not only serves as an electrolyte, but also 
serves as a useful redox mediator.[178] The oxidized form (NO2) 
of its reduction product nitrite can easily oxidize Li2O2.
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Figure 18. a) Transmission electron microscope (TEM) images of the discharge products obtained in the presence and absence of K+ as additive; 
b) first discharge curves of batteries with and without K+ additive in the electrolyte; c) cycling stability of the batteries with LiI and with KI as additive 
in the electrolyte.[164] Copyright 2017, American Chemical Society.
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Figure 19. a) Schematic illustration of cathode electrode reactions in the presence of DBBQ and TEMPO dual redox mediators, b) discharge–charge 
curves of porous carbon electrodes with and without mediators.[156] Copyright 2017, Nature Publishing Group.
Figure 20. a) First cycle discharge/charge voltage profiles for the Li–O2 batteries with various electrolytes at 0.05 mA cm−2 current density. The KB 
loading was 1 mg cm−2, and the current collector was carbon paper. b) Cycling stability of Li–O2 batteries with various electrolytes at 0.05 mA cm−2 
current density. The KB loading was 1 mg cm−2, and the current collector was carbon paper.[169] Copyright 2013, American Chemical Society.
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6. Conclusions
A comparison of the electrolytes discussed earlier is listed in 
Table 2. It is clear that, despite extensive research in the last 
decade, the research on electrolytes for nonaqueous Li–O2 bat-
teries has to be considered as still in the primary stage. Selection 
of the electrolyte is the essential component for improving the 
electrochemical performance of the nonaqueous Li–O2 system. 
Because it is necessary to operate under the oxygen crossover 
condition, the electrolyte stability at the lithium metal anode is 
also a big problem. Hence, we must develop new electrolytes 
and design novel SEI films on the lithium metal electrode. It is 
therefore an urgent necessity to find an ideal nonaqueous elec-
trolyte for the Li–O2 battery system with excellent physicochem-
ical and electrochemical stability, particularly in the presence 
of superoxide radicals (O2−), high oxygen solubility, and high 
diffusivity, together with SEI formation on the lithium anode. 
As discussed previously, currently, none of the above electro-
lytes could meet all of the requirements for highly stable Li–O2 
batteries. The unstable performance of electrolytes is mainly 
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Figure 21. Optical and SEM images of a,b,c) a pristine lithium metal anode (LMA) and the LMAs harvested from Li|Li symmetric cells that were 
cycled at 0.2 mA cm−2 for 100 cycles under O2 atmosphere in d,e,f) 1.0 m LiTNFSI-TEGDME and g,h,i) 1.0 m LiTFSI-TEGDME. Schematics depict the 
reaction and process occurring on the LMA when cycled in j) LiTNFSI-TEGDME and k) LiTFSI-TEGDME.[170] Copyright 2017, WILEY-VCH, Verlag GmbH 
& Co. KgaA.
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Table 2. Comparison of some common electrolytes for Li–O2 batteries.
Electrolyte Molecular structure Advantages Disadvantages
Carbonate-based Electrolytes Propylene carbonate (PC) Low volatility, wide  
electrochemical window, and 
liquid-temperature range




Ether-based Electrolytes 1,2-dimethoxyethane (DME) Low vapor pressure,  
nonflammability, and higher 
stability than carbonates
Unstable toward O2− radical
Tetraethylene glycol dimethyl  
ether (TEGDME)
1, 3 Dioxolane (DOL)
2-Methyltetrahydrofuran 
(2-Me-THF)
DMSO Electrolyte Dimethyl sulfoxide (DMSO) High conductivity and low 
viscosity
High vapor pressure and  
some side reactions
Ionic Liquids 1-Butyl-1-methyl pyrrolidium 
bis(trifluoromethanesulfonyl) 
imide (PYR14TFSI)
Wide electrochemical window, 
negligible vapor pressure,  
superior hydrophobicity, and  
low flammability














Acetonitrile Electrolyte Acetonitrile (MeCN) Stable toward O2− radical High volatility
Amide-based Electrolyte N,N-Dimethylformide (DMF) Stable toward O2− radical Side reaction with lithium  
anode and high vapor  
pressure
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caused by the extremely damaging O2− intermediate species 
and highly reactive lithium metal anode. Therefore, novel non-
aqueous electrolytes need to be designed to be stable against 
nucleophilic attack by the intermediate. In addition, some 
binary or even ternary solvent mixtures with the advantages of 
different unary solvents could be developed. Also, new sustain-
able redox mediators or soluble catalysts could be explored to 
reduce the overpotential and stabilize the electrolyte.
Acknowledgements
H.P.G. and W.B.L. contributed equally to this work. This work was 
supported by the Australian Research Council (ARC) through a Discovery 
Project (DP140100401) and a Linkage Project (LP120200432). The 
authors would also like to thank Dr. Tania Silver for critical reading of 
the manuscript. The manuscript was written through the contributions 
of all the authors. All the authors have given approval to the final version 
of the manuscript.
Conflict of Interest
The authors declare no conflict of interest.
Keywords
electrolyte additives, lithium–oxygen batteries, organic electrolytes, redox 
mediator
Received: December 15, 2017
Revised: February 4, 2018
Published online: March 6, 2018
[1] P. G. Bruce, S. A. Freunberger, L. J. Hardwick, J. M. Tarascon, Nat. 
Mater. 2011, 11, 172.
[2] R. Black, B. Adams, L. F. Nazar, Adv. Energy Mater. 2012, 2, 801.
[3] M. Park, H. Sun, H. Lee, J. Lee, J. Cho, Adv. Energy Mater. 2012, 2, 
780.
[4] J. Christensen, P. Albertus, R. S. Sanchez-Carrera, T. Lohmann, 
B. Kozinsky, R. Liedtke, J. Ahmed, A. Kojic, J. Electrochem. Soc. 
2012, 159, R1.
[5] Y. G. Wang, Y. Y. Xia, Nat. Chem. 2013, 5, 445.
[6] Y. Y. Shao, S. Park, J. Xiao, J. G. Zhang, Y. Wang, J. Liu, ACS Catal. 
2012, 2, 844.
[7] Y. Y. Shao, F. Ding, J. Xiao, J. Zhang, W. Xu, S. Park, J. G. Zhang, 
Y. Wang, J. Liu, Adv. Funct. Mater. 2013, 23, 987.
[8] Y. C. Lu, B. M. Gallant, D. G. Kwabi, J. R. Harding, R. R. Mitchell, 
M. S. Whittingham, Y. Shao-Horn, Energy Environ. Sci. 2013, 6, 750.
[9] Y. C. Lu, Z. C. Xu, H. A. Gasteiger, S. Chen, K. Hamad-Schifferli, 
Y. Shao-Horn, J. Am. Chem. Soc. 2010, 132, 12170.
[10] W. B. Luo, X. W. Gao, S. L. Chou, J. Z. Wang, H. K. Liu, Adv. Mater. 
2015, 27, 6862.
[11] W. B. Luo, S. L. Chou, J. Z. Wang, Y. C. Zhai, H. K. Liu, Sci. Rep. 
2015, 5, 8012.
[12] E. Yilmaz, C. Yogi, K. Yamanaka, T. Ohta, H. R. Byon, Nano Lett. 
2013, 13, 4679.
[13] W. B. Luo, S. L. Chou, J. Z. Wang, Y. C. Zhai, H. K. Liu, Small 2015, 
11, 2817.
[14] S. Wu, K. Zhu, J. Tang, K. Liao, S. Bai, J. Yi, Y. Yamauchi, M. Ishida, 
H. Zhou, Energy Environ. Sci. 2016, 9, 3262.
[15] W. J. Kwak, K. C. Lau, C. D. Shin, K. Amine, L. A. Curtiss, Y. K. Sun, 
ACS Nano 2015, 9, 4129.
[16] M. Balaish, E. Peled, D. Golodnitsky, Y. Ein-Eli, Angew. Chem., Int. 
Ed. 2015, 54, 436.
[17] B. Sun, S. Chen, H. Liu, G. Wang, Adv. Funct. Mater. 2015, 25, 
4436.
[18] B. Liu, W. Xu, P. Yan, S. T. Kim, M. H. Engelhard, X. Sun, D. Mei, 
J. Cho, C. M. Wang, J. G. Zhang, Adv. Energy Mater. 2017, 7, 1602605.
[19] L. Luo, B. Liu, S. Song, W. Xu, J. G. Zhang, C. Wang, Nat. Nano-
technol. 2017, 12, 535.
[20] J. J. Xu, Q. C. Liu, Y. Yu, J. Wang, J. M. Yan, X. B. Zhang, Adv. Mater. 
2017, 29, 1606552.
[21] N. Mahne, B. Schafzahl, C. Leypold, M. Leypold, S. Grumm, 
A. Leitgeb, G. A. Strohmeier, M. Wilkening, O. Fontaine, 
D. Kramer, Nat. Energy 2017, 2, 17036.
[22] D. W. Su, S. X. Dou, G. X. Wang, NPG Asia Mater. 2015, 7, e155.
[23] D. Kundu, R. Black, E. J. Berg, L. F. Nazar, Energy Environ. Sci. 
2015, 8, 1292.
[24] S. Ganapathy, B. D. Adams, G. Stenou, M. S. Anastasaki, 
K. Goubitz, X. F. Miao, L. F. Nazar, M. Wagemaker, J. Am. Chem. 
Soc. 2014, 136, 16335.
[25] L. Li, Z. W. Chang, X. B. Zhang, Adv. Sustainable Syst. 2017, 1, 
1700036.
[26] Z. L. Wang, D. Xu, J. J. Xu, X. B. Zhang, Chem. Soc. Rev. 2014, 43, 
7746.
[27] P. G. Bruce, S. A. Freunberger, L. J. Hardwick, J. M. Tarascon, Nat. 
Mater. 2011, 11, 19.
Adv. Sustainable Syst. 2018, 2, 1700183







© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700183 (20 of 22)
www.advsustainsys.com
[28] P. Tan, M. Liu, Z. Shao, M. Ni, Adv. Energy Mater. 2017, 7, 1602674.
[29] H. D. Lim, B. Lee, Y. Bae, H. Park, Y. Ko, H. Kim, J. Kim, K. Kang, 
Chem. Soc. Rev. 2017, 46, 2873.
[30] A. Eftekhari, B. Ramanujam, J. Mater. Chem. A 2017, 5, 7710.
[31] H. Song, H. Deng, C. Li, N. Feng, P. He, H. Zhou, Small Methods 
2017, 1, 1700135.
[32] F. Li, T. Zhang, H. Zhou, Energy Environ. Sci. 2013, 6, 1125.
[33] X. Guo, B. Sun, D. W. Su, X. X. Liu, H. Liu, Y. Wang, G. X. Wang, 
Sci. Bull. 2017, 62, 442.
[34] D. Aurbach, B. D. McCloskey, L. F. Nazar, P. G. Bruce, Nat. Energy 
2016, 1, 16128.
[35] P. Tan, M. Liu, Z. Shao, M. Ni, Adv. Energy Mater. 2017, 7, 1602674.
[36] M. Balaish, A. Kraytsberg, Y. Ein-Eli, Phys. Chem. Chem. Phys. 2014, 
16, 2801.
[37] R. Younesi, G. M. Veith, P. Johansson, K. Edstrom, T. Vegge, 
Energy Environ. Sci. 2015, 8, 1905.
[38] Y. Li, X. Wang, S. Dong, X. Chen, G. Cui, Adv. Energy Mater. 2016, 
6, 1600751.
[39] A. Riaz, K. N. Jung, W. Chang, S. B. Lee, T. H. Lim, S. J. Park, 
R. H. Song, S. Yoon, K. H. Shin, J. W. Lee, Chem. Commun. 2013, 
49, 5984.
[40] Q. Li, R. Cao, J. Cho, G. Wu, Phys. Chem. Chem. Phys. 2014, 16, 
13568.
[41] H. Nie, H. Zhang, Y. Zhang, T. Liu, J. Li, Q. Lai, Nanoscale 2013, 5, 
8484.
[42] S. K. Das, S. Xu, A. H. Emwas, Y. Y. Lu, S. Srivastava, L. A. Archer, 
Energy Environ. Sci. 2012, 5, 8927.
[43] X. Lin, Y. Shang, T. Huang, A. Yu, Nanoscale 2014, 6, 9043.
[44] K. R. Yoon, G. Y. Lee, J. W. Jung, N. H. Kim, S. O. Kim, I. D. Kim, 
Nano Lett. 2016, 16, 2076.
[45] J. Lu, Y. J. Lee, X. Luo, K. C. Lau, M. Asadi, H. H. Wang, 
S. Brombosz, J. Wen, D. Zhai, Z. Chen, Nature 2016, 529, 377.
[46] P. Bhattacharya, E. N. Nasybulin, M. H. Engelhard, L. Kovarik, 
M. E. Bowden, X. S. Li, D. J. Gaspar, W. Xu, J. G. Zhang, Adv. Funct. 
Mater. 2014, 24, 7510.
[47] P. Zhang, R. Wang, M. He, J. Lang, S. Xu, X. Yan, Adv. Funct. 
Mater. 2016, 26, 1354.
[48] J. Jiang, P. He, S. Tong, M. Zheng, Z. Lin, X. Zhang, Y. Shi, 
H. Zhou, NPG Asia Mater. 2016, 8, e239.
[49] M. Yu, X. Ren, L. Ma, Y. Wu, Nat. Commun. 2014, 5, 5111.
[50] M. Olivares-Marín, A. Sorrentino, R. C. Lee, E. Pereiro, N. L. Wu, 
D. Tonti, Nano Lett. 2015, 15, 6932.
[51] Y. Li, J. Wang, X. Li, D. Geng, M. N. Banis, Y. Tang, D. Wang, R. Li, 
T. K. Sham, X. Sun, J. Mater. Chem. 2012, 22, 20170.
[52] H. Lee, Y. J. Kim, D. J. Lee, J. Song, Y. M. Lee, H. T. Kim, J. K. Park, 
J. Mater. Chem. A 2014, 2, 11891.
[53] Z. Jian, P. Liu, F. Li, P. He, X. Guo, M. Chen, H. Zhou, Angew. 
Chem., Int. Ed. 2014, 53, 442.
[54] D. Kwabi, N. Ortiz-Vitoriano, S. Freunberger, Y. Chen, N. Imanishi, 
P. Bruce, Y. Shao-Horn, MRS Bull. 2014, 39, 443.
[55] W. Yin, Y. Shen, F. Zou, X. Hu, B. Chi, Y. Huang, ACS Appl. Mater. 
Interfaces 2015, 7, 4947.
[56] Y. Cao, M. S. Zheng, S. Cai, X. Lin, C. Yang, W. Hu, Q. F. Dong, 
J. Mater. Chem. A 2014, 2, 18736.
[57] Y. Cui, Z. Wen, X. Liang, Y. Lu, J. Jin, M. Wu, X. Wu, Energy Environ. 
Sci. 2012, 5, 7893.
[58] L. Johnson, C. Li, Z. Liu, Y. Chen, S. A. Freunberger, P. C. Ashok, 
B. B. Praveen, K. Dholakia, J. M. Tarascon, P. G. Bruce, Nat. Chem. 
2014, 6, 1091.
[59] N. B. Aetukuri, B. D. McCloskey, J. M. García, L. E. Krupp, 
V. Viswanathan, A. C. Luntz, Nat. Chem. 2014, 7, 50.
[60] K. Xu, Chem. Rev. 2014, 114, 11503.
[61] K. Xu, Chem. Rev. 2004, 104, 4303.
[62] L. Suo, O. Borodin, T. Gao, M. Olguin, J. Ho, X. Fan, C. Luo, 
C. Wang, K. Xu, Science 2015, 350, 938.
[63] A. Khetan, A. Luntz, V. Viswanathan, J. Phys. Chem. Lett. 2015, 6, 
1254.
[64] W. Xu, J. Xiao, J. Zhang, D. Y. Wang, J. G. Zhang, J. Electrochem. 
Soc. 2009, 156, A773.
[65] S. S. Zhang, K. Xu, T. R. Jow, Electrochim. Acta 2006, 51, 1636.
[66] M. Winter, W. K. Appel, B. Evers, T. Hodal, K. C. Moller, 
I. Schneider, M. Wachtler, M. R. Wagner, G. H. Wrodnigg, 
J. O. Besenhard, Monatsh. Chem. 2001, 132, 473.
[67] P. Andrei, J. P. Zheng, M. Hendrickson, E. J. Plichta, J. Electro-
chem. Soc. 2010, 157, A1287.
[68] X. J. Chen, V. V. Bevara, P. Andrei, M. Hendrickson, E. J. Plichta, 
J. P. Zheng, J. Electrochem. Soc. 2014, 161, A1877.
[69] S. A. Freunberger, Y. H. Chen, N. E. Drewett, L. J. Hardwick, 
F. Barde, P. G. Bruce, Angew. Chem., Int. Ed. 2011, 50, 8609.
[70] B. D. McCloskey, R. Scheffler, A. Speidel, D. S. Bethune, 
R. M. Shelby, A. C. Luntz, J. Am. Chem. Soc. 2011, 133, 18038.
[71] M. M. O. Thotiyl, S. A. Freunberger, Z. Q. Peng, P. G. Bruce, J. Am. 
Chem. Soc. 2013, 135, 494.
[72] B. G. Kim, C. Jo, J. Shin, Y. Mun, J. Lee, J. W. Choi, ACS Nano 2017, 
11, 1736.
[73] J. J. Xu, Q. C. Liu, Y. Yu, J. Wang, J. M. Yan, X. B. Zhang, Adv. Mater. 
2017, 29, 1606552.
[74] Y. Lin, B. Moitoso, C. Martinez-Martinez, E. D. Walsh, S. D. Lacey, 
J. W. Kim, L. Dai, L. Hu, J. W. Connell, Nano Lett. 2017, 17, 
3252.
[75] C. C. Su, M. He, P. C. Redfern, L. A. Curtiss, I. A. Shkrob, 
Z. Zhang, Energy Environ. Sci. 2017, 10, 900.
[76] M. A. Navarra, K. Fujimura, M. Sgambetterra, A. Tsurumaki, 
S. Panero, N. Nakamura, H. Ohno, B. Scrosati, ChemSusChem 
2017, 11, 2496.
[77] Y. Li, S. Wan, G. M. Veith, R. R. Unocic, M. P. Paranthaman, S. Dai, 
X. G. Sun, Adv. Energy Mater. 2017, 7, 1601397.
[78] J. Sakuda, E. Hosono, M. Yoshio, T. Ichikawa, T. Matsumoto, 
H. Ohno, H. Zhou, T. Kato, Adv. Funct. Mater. 2015, 25, 1206.
[79] Z. Xue, D. He, X. Xie, J. Mater. Chem. A 2015, 3, 19218.
[80] Y. Li, B. Xu, H. Xu, H. Duan, X. Lü, S. Xin, W. Zhou, L. Xue, G. Fu, 
A. Manthiram, Angew. Chem., Int. Ed. 2017, 129, 771.
[81] Y. Chen, S. A. Freunberger, Z. Peng, F. Barde, P. G. Bruce, J. Am. 
Chem. Soc. 2012, 134, 7952.
[82] Y. H. Chen, S. A. Freunberger, Z. Q. Peng, O. Fontaine, P. G. Bruce, 
Nat. Chem. 2013, 5, 489.
[83] W. B. Luo, S. L. Chou, Y. C. Zhai, H. K. Liu, J. Mater. Chem. A 2014, 
2, 4927.
[84] S. L. Chou, J. Z. Wang, H. K. Liu, S. X. Dou, J. Phys. Chem. C 2011, 
115, 16220.
[85] X. W. Gao, J. Z. Wang, S. L. Chou, H. K. Liu, J. Power Sources 2012, 
220, 47.
[86] J. T. Xu, S. L. Chou, Q. F. Gu, H. K. Liu, S. X. Dou, J. Power Sources 
2013, 225, 172.
[87] X. Gao, W. Luo, C. Zhong, D. Wexler, S. L. Chou, H. K. Liu, Z. Shi, 
G. Chen, K. Ozawa, J. Z. Wang, Sci. Rep. 2014, 4, 6095.
[88] Z. Q. Peng, S. A. Freunberger, L. J. Hardwick, Y. H. Chen, 
V. Giordani, F. Barde, P. Novak, D. Graham, J. M. Tarascon, 
P. G. Bruce, Angew. Chem., Int. Ed. 2011, 50, 6351.
[89] F. Mizuno, S. Nakanishi, Y. Kotani, S. Yokoishi, H. Iba, Electro-
chemistry 2010, 78, 403.
[90] S. A. Freunberger, Y. H. Chen, Z. Q. Peng, J. M. Griffin, 
L. J. Hardwick, F. Barde, P. Novak, P. G. Bruce, J. Am. Chem. Soc. 
2011, 133, 8040.
[91] Y. Marcus, Chem. Soc. Rev. 1993, 22, 409.
[92] Z. C. Zhang, J. Lu, R. S. Assary, P. Du, H. H. Wang, Y. K. Sun, 
Y. Qin, K. C. Lau, J. Greeley, P. C. Redfern, H. Iddir, L. A. Curtiss, 
K. Amine, J. Phys. Chem. C 2011, 115, 25535.
[93] D. Oh, J. Qi, Y. C. Lu, Y. Zhang, Y. Shao-Horn, A. M. Belcher, Nat. 
Commun. 2013, 4, 2756.
Adv. Sustainable Syst. 2018, 2, 1700183
www.advancedsciencenews.com
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700183 (21 of 22)
www.advsustainsys.com
[94] B. D. McCloskey, A. Valery, A. C. Luntz, S. R. Gowda, G. M. Wallraff, 
J. M. Garcia, T. Mori, L. E. Krupp, J. Phys. Chem. Lett. 2013, 4, 2989.
[95] S. T. Kim, N. S. Choi, S. Park, J. Cho, Adv. Energy Mater. 2015, 5, 1.
[96] X. Hu, F. Cheng, N. Zhang, X. Han, J. Chen, Small 2015, 11, 5545.
[97] L. Liu, J. Wang, Y. Hou, J. Chen, H. K. Liu, J. Wang, Y. Wu, Small 
2016, 12, 602.
[98] C. O. Laoire, S. Mukerjee, K. M. Abraham, E. J. Plichta, 
M. A. Hendrickson, J. Phys. Chem. C 2010, 114, 9178.
[99] Y. Wu, Lithium-Ion Batteries: Fundamentals and Applications, CRC 
Press, London 2015.
[100] V. Gutmann, Coord. Chem. Rev. 1976, 18, 225.
[101] J. Read, J. Electrochem. Soc. 2006, 153, A96.
[102] V. S. Bryantsev, V. Giordani, W. Walker, M. Blanco, S. Zecevic, 
K. Sasaki, J. Uddin, D. Addison, G. V. Chase, J. Phys. Chem. A 
2011, 115, 12399.
[103] Q. Yu, S. Ye, J. Phys. Chem. C 2015, 119, 12236.
[104] Z. Q. Peng, S. A. Freunberger, Y. H. Chen, P. G. Bruce, Science 
2012, 337, 563.
[105] D. Sharon, M. Afri, M. Noked, A. Garsuch, A. A. Frimer, 
D. Aurbach, J. Phys. Chem. Lett. 2013, 4, 3115.
[106] M. M. O. Thotiyl, S. A. Freunberger, Z. Q. Peng, Y. H. Chen, Z. Liu, 
P. G. Bruce, Nat. Mater. 2013, 12, 1049.
[107] D. G. Kwabi, T. P. Batcho, C. V. Amanchukwu, N. Ortiz-Vitoriano, 
P. Hammond, C. V. Thompson, Y. Shao-Horn, J. Phys. Chem. Lett. 
2014, 5, 2850.
[108] D. Bresser, E. Paillard, S. Passerini, J. Electrochem. Sci. Technol. 
2014, 5, 37.
[109] Y. Katayama, K. Sekiguchi, M. Yamagata, T. Miura, J. Electrochem. 
Soc. 2005, 152, E247.
[110] M. Hayyan, F. S. Mjalli, M. A. Hashim, I. M. AlNashef, J. Mol. Liq. 
2013, 181, 44.
[111] H. Nakamoto, Y. Suzuki, T. Shiotsuki, F. Mizuno, S. Higashi, 
K. Takechi, T. Asaoka, H. Nishikoori, H. Iba, J. Power Sources 2013, 
243, 19.
[112] S. Higashi, Y. Kato, K. Takechi, H. Nakamoto, F. Mizuno, 
H. Nishikoori, H. Iba, T. Asaoka, J. Power Sources 2013, 240, 14.
[113] N. Mozhzhukhina, A. Y. Tesio, L. P. M. De Leo, E. J. Calvo, J. Elec-
trochem. Soc. 2017, 164, A518.
[114] P. M. Radjenovic, L. J. Hardwick, Faraday Discuss. 2018, 206, 379.
[115] M. Piana, J. Wandt, S. Meini, I. Buchberger, N. Tsiouvaras, 
H. A. Gasteiger, J. Electrochem. Soc. 2014, 161, A1992.
[116] S. Das, J. Højberg, K. B. Knudsen, R. Younesi, P. Johansson, 
P. Norby, T. Vegge, J. Phys. Chem. C 2015, 119, 18084.
[117] G. A. Elia, J. Hassoun, W. J. Kwak, Y. K. Sun, B. Scrosati, F. Mueller, 
D. Bresser, S. Passerini, P. Oberhumer, N. Tsiouvaras, J. Reiter, 
Nano Lett. 2014, 14, 6572.
[118] S. Wu, J. Tang, F. Li, X. Liu, Y. Yamauchi, M. Ishida, H. Zhou, Adv. 
Funct. Mater. 2016, 26, 3291.
[119] A. R. Neale, P. Li, J. Jacquemin, P. Goodrich, S. C. Ball, 
R. G. Compton, C. Hardacre, Phys. Chem. Chem. Phys. 2016, 18, 
11251.
[120] L. Cecchetto, M. Salomon, B. Scrosati, F. Croce, J. Power Sources 
2012, 213, 233.
[121] S. Monaco, F. Soavi, M. Mastragostino, J. Phys. Chem. Lett. 2013, 
4, 1379.
[122] C. J. Allen, J. Hwang, R. Kautz, S. Mukerjee, E. J. Plichta, 
M. A. Hendrickson, K. M. Abraham, J. Phys. Chem. C 2012, 116, 20755.
[123] V. Giordani, D. Tozier, H. Tan, C. M. Burke, B. M. Gallant, J. Uddin, 
J. R. Greer, B. D. McCloskey, G. V. Chase, D. Addison, J. Am. Chem. 
Soc. 2016, 138, 2656.
[124] H. B. Han, S. S. Zhou, D. J. Zhang, S. W. Feng, L. F. Li, K. Liu, 
W. F. Feng, J. Nie, H. Li, X. J. Huang, M. Armand, Z. B. Zhou, 
J. Power Sources 2011, 196, 3623.
[125] K. Kubota, T. Nohira, T. Goto, R. Hagiwara, Electrochem. Commun. 
2008, 10, 1886.
[126] F. Xu, C. Liu, W. Feng, J. Nie, H. Li, X. Huang, Z. Zhou, Electro-
chim. Acta 2014, 135, 217.
[127] A. Khan, C. Zhao, Electrochem. Commun. 2014, 49, 1.
[128] S. Ferrari, E. Quartarone, C. Tomasi, M. Bini, P. Galinetto, 
M. Fagnoni, P. Mustarelli, J. Electrochem. Soc. 2015, 162, A3001.
[129] A. R. Neale, P. Goodrich, T. L. Hughes, C. Hardacre, S. C. Ball, 
J. Jacquemin, J. Electrochem. Soc. 2017, 164, H5124.
[130] J. Xie, Q. Dong, I. Madden, X. Yao, Q. Cheng, P. Dornath, W. Fan, 
D. Wang, Nano Lett. 2015, 15, 8371.
[131] Z. Peng, S. A. Freunberger, L. J. Hardwick, Y. Chen, V. Giordani, 
F. Bardé, P. Novák, D. Graham, J. M. Tarascon, P. G. Bruce, 
Angew. Chem., Int. Ed. 2011, 123, 6475.
[132] C. O. Laoire, S. Mukerjee, K. M. Abraham, E. J. Plichta, 
M. A. Hendrickson, J. Phys. Chem. C 2009, 113, 20127.
[133] R. Younesi, P. Norby, T. Vegge, ECS Electrochem. Lett. 2014, 3, A15.
[134] Y. Chen, S. A. Freunberger, Z. Peng, F. Bardé, P. G. Bruce, J. Am. 
Chem. Soc. 2012, 134, 7952.
[135] W. Walker, V. Giordani, J. Uddin, V. S. Bryantsev, G. V. Chase, 
D. Addison, J. Am. Chem. Soc. 2013, 135, 2076.
[136] V. S. Bryantsev, V. Giordani, W. Walker, J. Uddin, I. Lee, 
A. C. T. van Duin, G. V. Chase, D. Addison, J. Phys. Chem. C 2013, 
117, 11977.
[137] B. Zhou, L. Guo, Y. Zhang, J. Wang, L. Ma, W. H. Zhang, Z. Fu, 
Z. Peng, Adv. Mater. 2017, 29, 1701568.
[138] W. B. Luo, S. L. Chou, J. Z. Wang, Y. M. Kang, Y. C. Zhai, H. K. Liu, 
Chem. Commun. 2015, 51, 8269.
[139] S. Wu, Y. Qiao, S. Yang, J. Tang, P. He, H. Zhou, ACS Catal. 2018, 
8, 1082.
[140] P. Kichambare, S. Rodrigues, J. Kumar, ACS Appl. Mater. Interfaces 
2012, 4, 49.
[141] B. Kumar, J. Kumar, R. Leese, J. P. Fellner, S. J. Rodrigues, 
K. M. Abraham, J. Electrochem. Soc. 2010, 157, A50.
[142] M. B. Armand, Annu. Rev. Mater. Sci. 1986, 16, 245.
[143] R. Khurana, J. L. Schaefer, L. A. Archer, G. W. Coates, J. Am. Chem. 
Soc. 2014, 136, 7395.
[144] G. B. Appetecchi, G. T. Kim, M. Montanina, M. Carewska, 
R. Marcilla, D. Mecerreyes, I. De Meatza, J. Power Sources 2010, 
195, 3668.
[145] K. H. Lee, S. Zhang, Y. Gu, T. P. Lodge, C. D. Frisbie, ACS Appl. 
Mater. Interfaces 2013, 5, 9522.
[146] Y. Zhu, F. Wang, L. Liu, S. Xiao, Z. Chang, Y. Wu, Energy Environ. 
Sci. 2013, 6, 618.
[147] I. Stepniak, J. Power Sources 2014, 247, 112.
[148] Z. Liang, Y. Lu, J. Am. Chem. Soc. 2016, 138, 7574.
[149] M. Leskes, A. J. Moore, G. R. Goward, C. P. Grey, J. Phys. Chem. C 
2013, 117, 26929.
[150] R. Black, S. H. Oh, J. H. Lee, T. Yim, B. Adams, L. F. Nazar, J. Am. 
Chem. Soc. 2012, 134, 2902.
[151] H. D. Lim, H. Song, J. Kim, H. Gwon, Y. Bae, K. Y. Park, 
J. Hong, H. Kim, T. Kim, Y. H. Kim, X. Lepró, R. Ovalle-Robles, 
R. H. Baughman, K. Kang, Angew. Chem., Int. Ed. 2014, 53, 3926.
[152] C. M. Burke, R. Black, I. R. Kochetkov, V. Giordani, D. Addison, 
L. F. Nazar, B. D. McCloskey, ACS Energy Lett. 2016, 1, 747.
[153] W. Kwak, D. Hirshberg, D. Sharon, M. Afri, A. A. Frimer, H. Jung, 
D. Aurbach, Y. Sun, Energy Environ. Sci. 2016, 9, 2334.
[154] D. Kundu, R. Black, B. Adams, L. F. Nazar, ACS Cent. Sci. 2015, 1, 510.
[155] B. J. Bergner, A. Schürmann, K. Peppler, A. Garsuch, J. Janek, 
J. Am. Chem. Soc. 2014, 136, 15054.
[156] X. W. Gao, Y. H. Chen, L. R. Johnson, Z. P. Jovanov, P. G. Bruce, 
Nat. Energy 2017, 2, 17118.
[157] D. Sun, Y. Shen, W. Zhang, L. Yu, Z. Yi, W. Yin, D. Wang, Y. Huang, 
J. Wang, D. Wang, J. B. Goodenough, J. Am. Chem. Soc. 2014, 136, 
8941.
[158] W. H. Ryu, F. S. Gittleson, J. M. Thomsen, J. Li, M. J. Schwab, 
G. W. Brudvig, A. D. Taylor, Nat. Commun. 2016, 7, 12925.
Adv. Sustainable Syst. 2018, 2, 1700183
www.advancedsciencenews.com
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700183 (22 of 22)
www.advsustainsys.com
Adv. Sustainable Syst. 2018, 2, 1700183
[159] Z. Li, S. Ganapathy, Y. Xu, J. R. Heringa, Q. Zhu, W. Chen, 
M. Wagemaker, Chem. Mater. 2017, 29, 1577.
[160] Y. Li, S. Dong, B. Chen, C. Lu, K. Liu, Z. Zhang, H. Du, X. Wang, 
X. Chen, X. Zhou, G. Cui, J. Phys. Chem. Lett. 2017, 8, 4218.
[161] Y. Qiao, S. Wu, Y. Sun, S. Guo, J. Yi, P. He, H. Zhou, ACS Energy 
Lett. 2017, 2, 1869.
[162] V. Viswanathan, V. Pande, K. M. Abraham, A. C. Luntz, 
B. D. McCloskey, D. Addison, Science 2016, 352, 667.
[163] Y. Shen, W. Zhang, S. L. Chou, S. X. Dou, Science 2016, 352, 667.
[164] I. Landa-Medrano, M. Olivares-Marín, B. Bergner, R. Pinedo, 
A. Sorrentino, E. Pereiro, I. Ruiz de Larramendi, J. Janek, T. Rojo, 
D. Tonti, J. Phys. Chem. C 2017, 121, 3822.
[165] F. Li, S. Wu, D. Li, T. Zhang, P. He, A. Yamada, H. Zhou, Nat. 
Commun. 2015, 6, 7843.
[166] X. Gao, Y. Chen, L. Johnson, P. G. Bruce, Nat. Mater. 2016, 15, 
882.
[167] H. Wan, Q. Bai, Z. Peng, Y. Mao, Z. Liu, H. He, D. Wang, J. Xie, 
G. Wu, J. Mater. Chem. A 2017, 5, 24617.
[168] G. M. Veith, J. Nanda, L. H. Delmau, N. J. Dudney, J. Phys. Chem. 
Lett. 2012, 3, 1242.
[169] E. Nasybulin, W. Xu, M. H. Engelhard, Z. Nie, S. D. Burton, 
L. Cosimbescu, M. E. Gross, J.-G. Zhang, J. Phys. Chem. C 2013, 
117, 2635.
[170] B. Tong, J. Huang, Z. Zhou, Z. Peng, Adv. Mater. 2018, 30, 
1704841.
[171] B. Liu, W. Xu, P. Yan, X. Sun, M. E. Bowden, J. Read, J. Qian, 
D. Mei, C. M. Wang, J. G. Zhang, Adv. Funct. Mater. 2016, 26, 605.
[172] Y. Liu, L. Suo, H. Lin, W. Yang, Y. Fang, X. Liu, D. Wang, Y. S. Hu, 
W. Han, L. Chen, J. Mater. Chem. A 2014, 2, 9020.
[173] L. Suo, Y.-S. Hu, H. Li, M. Armand, L. Chen, Nat. Commun. 2013, 
4, 1481.
[174] K. Xu, S. S. Zhang, U. Lee, J. L. Allen, T. R. Jow, J. Power Sources 
2005, 146, 79.
[175] S. S. Zhang, K. Xu, T. R. Jow, J. Electrochem. Soc. 2002, 149, A586.
[176] J. Uddin, V. S. Bryantsev, V. Giordani, W. Walker, G. V. Chase, 
D. Addison, J. Phys. Chem. Lett. 2013, 4, 3760.
[177] V. Giordani, W. Walker, V. S. Bryantsev, J. Uddin, G. V. Chase, 
D. Addison, J. Electrochem. Soc. 2013, 160, A1544.
[178] D. Sharon, D. Hirsberg, M. Afri, F. Chesneau, R. Lavi, A. A. Frimer, 
Y.-K. Sun, D. Aurbach, ACS Appl. Mater. Interfaces 2015, 7, 16590.
